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Abstract: Sri Lanka’s vulnerability to climate change-induced natural disasters, particularly floods,
underscores the urgent need for an integrated approach to disaster risk management (DRM) that addresses the
interconnected challenges within the water-food-land-energy nexus. The Deduru Oya basin, located in the
north-western region, exemplifies this vulnerability, with its predominantly intermediate climatic zone
susceptible to flooding. While the focus has traditionally been on flood risk reduction, it is imperative to
recognize the broader implications of floods on water, food, land, and energy systems. This study aims to
strengthen data acquisition and management efforts to better understand rainfall trends and their impact on
the water-food-land-energy nexus in the Deduru Oya basin. By compiling 60 years of rainfall data and
conducting time series analysis, we observed a decreasing trend in monthly rainfall, particularly during the
South-West Monsoon, Second Inter Monsoon, and North-East Monsoon seasons. These findings have
significant implications for water availability, agricultural productivity, land use patterns, and energy
generation in the basin. Moreover, the malfunction of stakeholders’ responsibilities for local-level flood risk
management exacerbates the challenges faced by communities living in flood-prone areas. By integrating
insights from this study into flood risk management strategies, stakeholders can develop holistic approaches
that not only mitigate flood risk but also enhance resilience across the water-food-land-energy nexus. This
interdisciplinary approach will inform policymakers, flood managers, practitioners, and the community in
formulating effective strategies to address the multifaceted challenges posed by floods in the Deduru Oya basin
and beyond.

Keywords: water-food-land-energy nexus; rainfall trends; Water governance; climate change;
flood vulnerability; flood mitigation

1. Introduction

While flooding is a physical occurrence, effective governance and management can significantly
mitigate its impacts [1]. Viewing flooding through a governance lens involves analyzing its causes,
effects, and associated risks. Due to insufficient disaster preparedness, fragmented decision-making,
and inadequate disaster responses in disaster management, the risks posed by natural disasters are
often underestimated and mismanaged [2,3]. Dordi, et al. [4] suggest three key areas for advancing
flood risk management (FRM) and flood risk governance (FRG) research: 1. Global Perspective: The

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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authors advocate for broadening the geographical scope of research beyond Europe to include more
analysis of FRM and FRG in developing countries. They emphasize the importance of fostering
research collaborations across different global regions [4]. 2. Focus on Decision-Making: Building on
the work of Morrison, et al. [5], the authors highlight the abundance of technical literature on FRM
tools for assessing and managing flood risk. However, they stress the need for more research on
frameworks and tools that can facilitate decision-making and the implementation of FRM strategies,
particularly in comparison to the relatively limited attention given to FRG scholarship. They
underscore the growing significance of social science analysis in understanding governance
processes and solutions as flood risk continues to get evolved [4]. 3. Nuanced Examination and
Bibliometric Analysis: Dordji, et al. propose a more detailed examination of the distinction between
FRM and FRG scholarship, suggesting manual or computer-assisted coding to capture contextual
nuances. They advocate for exploring how the principles of risk management align with flood
management scholarship and urge further bibliometric analysis to identify key tensions and barriers
to knowledge transfer between the academic literature and decision-makers [4].

The World Meteorological Organization (WMO) defines the concept of Integrated Flood
Management as “land and water resources development in a river basin, within the context of
Integrated Water Resources Management, with a view to maximizing the efficient use of floodplains
and to minimizing loss of life and property” [[6], page 4]. Moreover, the identification of challenges
faced by policymakers, practitioners, and scientists in flood risk management sector is important [7].
For constructing mitigation projects to control flooding, flood assessments are required based on
topography, magnitude of rainfall, land cover, and geology [8]. One of the key criteria is the
participation of all stakeholders including planners, and policymakers at all levels. This requires
decentralizing decision-making with public consultation and the involvement of stakeholders from
planning to implementation [6].

As the Asian Development Bank (ADB) [9] describes, the concept of Integrated Flood Risk
Management (IFRM) focuses on four key aspects; 1. Strengthening data acquisition and data
management, 2. Improving flood protection asset management, 3. Rehabilitating and constructing
flood protection infrastructure; and 4. Raising community awareness and preparing for disaster
[9,10]. Samuels, et al. [11], argue how IFRM as the extended concept for Flood Risk Management
evolved. The “integration” has three components to be considered, namely space, time, and sectors
and actors. The multiple sites or interfaces in the potential flood risk, the water discharge areas,
pathways or floodplains should be integrated as the spaces in IFRM [12]. Time integration within
IFRM involves updating, modernizing, or abandoning infrastructure, along with implementing
maintenance plans for both direct and indirect flood management systems. In IFRM, coordination
among stakeholders and subject areas, both directly and indirectly involved, is essential. This
governance encompasses actors not only horizontally but also vertically, including public, private,
and community sectors [13]. The Sendai Framework for Disaster Risk Reduction 2015-2030 has also
mentioned the requirement for integrated disaster risk management approaches [14]. Figure 1
demonstrates the inter-linkage of each component in IFRM. Each component is interlinked with risk
identification, risk analysis, risk evaluation, and risk management.

According to the annual report of the International Federation of Red Cross (IFRC) 2022,
expenditures totaling 305.9 CHF were allocated for disaster management, including natural disasters
such as floods [15]. In Nepal, the government has implemented an effective strategy for Flood
Forecasting and Early Warning Systems (FFEWS), providing standardized operating procedures for
current and future schemes. In Indonesia, a well-established Incident Command System (ICS) is in
place, with hierarchical command structures ranging from site to national levels. The Flood
Forecasting and Warning Centre of Bangladesh Water Development was established as a permanent
entity in 1972 with international aid, receiving support from UNDP and WMO [16]. Malaysia which
is highly vulnerable for flooding, has shown progress and collaboration at the government level
regarding flood risk management [17]. In Egypt, the risks associated with dam construction should
be carefully considered, with mandatory mitigation measures such as providing dams with spillways
designed for a higher return period [18]. In the United Kingdom, Lumbroso and Ramsbottom identified
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future changes in flood risk management through the TE2100 project plan, addressing various factors
such as climate change, socio-economic development, deteriorating flood defense assets, estuary
morphology, and public awareness. Proposed adaptations include adjustments to intervention
timing, flexibility in option selection through land use planning, and adaptation to new infrastructure
[19].

Strengthening
data acquisition
and data
management

Risk

Risk analysis

identification

Integrated
Flood Risk
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Figure 1. Integrated Flood Risk Management (Based on the Asian Development Report, 2018).

Based on the IFRM approach, data acquisition includes identification, sampling, preparation,
and collection [20]. Therefore, climate data should cover a considerable period in data collection and
processing [21]. Data management refers to the technical data processing in data repositories and
providing the servers for data interpretation as well as the interferences as the interface in the
decision-making process [22]. WMO points out that data governance and IT governance are key
components in climate data management that allow authorities to take immediate actions in a risky
situation and facilitate better disaster preparedness [23]. The lack of flood-related data shared with
relevant stakeholders in China faced a complicated situation in the decision-making process [24].
From existing and open-source data, literature and field data can be used to develop a proper
database on natural disasters including floods [25]. However, at times, it is challenging to get correct
data for the decision-making process within flood management because the water stream within a
flood is changing, and difficult to identify its direction [26]. This holistic approach aligns with the
principles of the Water-Food-Land-Energy Nexus, recognizing the interconnectedness of water
resources, agricultural productivity, land use patterns, and energy generation [26A]. Blicharska et al.
[26A] stress the importance of understanding how policies in different areas interact within the nexus
framework and underline the need for thorough policy coherence analyses. Stakeholders prioritize
climate objectives, revealing the complex dynamics of implementation shaped by stakeholder
interests and societal debates. Based on Pahl-Wostl et al.’s [26AB] argument, the nexus approach
promotes an understanding of synergies and conflicts, enhances the capacity of stakeholders, and
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encourages cross-sectoral cooperation. It advocates aligning policy cycles and engaging stakeholders
to ensure consistent policy implementation across sectors.

Sri Lanka is experiencing localized floods and landslides through exposition to hydro-
meteorological disaster events [27,28]. Since the aftermath of the 2004 Tsunami, the country has
endeavored to develop a disaster management plan. However, though the institutionalization and
coordination among different actors have been progressively developed, the data acquisition and
data management for IFRM in the country is still unsuccessful. On one side, the structural flood
management measures in Sri Lanka show considerable pitfalls [29], and the lack of coordination and
information management between stakeholders has been identified as a lacuna in disaster
management in Sri Lanka [27,30,31,66]. Due to the absence of a common framework among all actors
in flood risk management in different sectors, a sound system cannot be observed [32,33]. Even
though meteorological data gathering and processing take place in organized manner in Sri Lanka,
those data are not effectively used in flood risk management nor adequately used in analysis [31,34].
The objectives of this study revolve around enhancing data acquisition and management while
analyzing rainfall variations in the Deduru Oya basin. Additionally, it aims to assess the engagement
of stakeholders responsible for local-level flood management. Over a span of 60 years from 1960 to
2019, the study delves into rainfall patterns, while also investigating the involvement of flood
managers, practitioners, policymakers, and the community residing in flood-prone areas within the
Deduru Oya basin. The insights garnered from this research stand to greatly benefit these
stakeholders, informing better flood risk management practices at the local level.

2. Materials and Methods

2.1. Study Area

The Deduru Oya is the fourth-longest river in Sri Lanka running about 115 km from the
headwater in the Hedeniya area in the Kandy district to the sea at Chilaw in the Puttalam District
[35]. Its basin is the fifth largest in the country [29], with a total land area of 2,616 km? (Figure 2),
which includes the basins of its tributaries, i.e., Maguru Oya, Kimbulwana Oya, Kuda Oya and Kolamunu
Oya. The Deduru Oya basin has a rich history of containing irrigation tanks that provide many
ecosystem services in addition to water for crop production with 3,274 medium and small-scale
irrigation tanks representing the highest density of irrigation tanks in a river basin in Sri Lanka [36].
Runoff coefficients of the basin vary from 50% to 83% and the runoff ratio varies from 39.8% to 63.7%
for Yala! (dry) and 50.7% to 80.5% in Maha (wet) seasons respectively, as cited by Somaratne et al.,
2003 [35]. Flash floods tend to overtop the embankments in the lower segments of Deduru Oya during
the rainy seasons, while only a seep passes through during the drought seasons [38], demonstrating
a very significant difference.

! Yala is the growing season during the seasonal rains from late March to late April, 05 weeks and
the Maha is the growing season during the seasonal rains from mid-October to late January, 14 weeks
[30].
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Figure 2. Location map of the Deduru Oya basin (Source: Developed by the researcher).

2.2. Data Collection

Rainfall data were compiled from the Department of Meteorology in 2020 [39] and the data book
of Nakagawa, et al. [40]. It entailed monthly rainfall data for a 60 year period, from 1960 to 2019,
obtained at six rain gauge stations. The following steps were performed to make the data available
for the study: First of all, the list of rain gauge stations in the Deduru Oya basin with the details of
data availability by stations for the study period was received from the Department of Meteorology.
Through a comprehensive review of the data availability at the stations for the study period and also
considering the representation of the entire basin, the best suitable six rain gauge stations were
selected to collect data from. The selected rain gauge stations were Chilaw, Polonthalawa, Mediyawa,
Wariyapola, Millawana and Kurunegala (Figure 3). The missing data for some of the stations were
filled using the Normal Ratio Method (NRM). The NRM has been widely used to fill in missing
rainfall data [41,42]. In NRM, the missing values are calculated based on the available rainfall data of
nearby rain gauge stations (at least three stations). Accordingly, missing rainfall data were calculated
based on three nearby stations using equation 1.

N
p, ="M

Py Py Ps ;
n < + N, + N, Equation (1)

Ny

where Px is the missing precipitation value and Nx is the annual average rainfall at station x; P1, P2,
P3 and N1, N2, N3 are corresponding rainfall values at stations 1, 2, 3, and annual average rainfall
values at stations 1, 2, 3, respectively, while # denotes the number of stations for which rainfall data
are available.

There are several methods to calculate the mean areal rainfall. A few popular examples are the
arithmetic mean method, Thiessen polygon method and the isohyetal method. The Thiessen polygon
method has been widely used in hydrological analysis to find the average areal rainfall [43,44]. In a
study, Supriya, et al. [45] used the Thiessen polygon method to calculate the average rainfall in the
Vellar River basin in India. The Thiessen polygon method is more favorable for flat areas like the
Deduru Oya basin and it has been preferred in this study to calculate the average rainfall in the
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Deduru Oya basin. Accordingly, Thissen polygons were created for the Deduru Oya basin based on
rain gauge stations using ArcGIS software. The created Thiessen polygon map with the rain gauge
stations is depicted in Figure 3. Following Chowdhury, et al. [44], the below-mentioned equation was
used to calculate the average precipitation of the Deduru Oya basin using the Thiessen polygon
method.

Ay Py +A;Py+A3Ps+Ay
T A tAy At tAn

P

I Equation (2)

where, P is the mean precipitation of the basin; A1, A2, A3 and An stand for the corresponding
polygon areas of stations 1,2,3, ...,n; P1, P2, P3 and Pn stand for the corresponding precipitation
values of stations 1,2,3, ...n.
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Figure 3. Thiessen polygon map with rain gauge stations.

Six rain gauge stations were strategically chosen based on two primary criteria: their geographic
distribution across the basin and the availability of consistent rainfall data spanning the study period.
While additional rain gauge stations exist within the basin, many lacked continuous data for the
duration of the study. To understand the engagement of local-level stakeholders and community
members in flood management, primary data was gathered through semi-structured interviews
conducted with both community members and stakeholders.

2.3. Data Analysis

Time-series data analysis method was used in rainfall data analysis using the SPSS software and
RStudio software. Alahacoon and Edirisinghe; Amarasinghe; Karunathilaka, et al. [46-48] have used
and as Asfaw, et al. [49] have mentioned the Mann-Kendall (MK) test has been widely used in
detecting the trends in the meteorological variables. The authors have used the MK-test with Sen’s
slope estimator. Sridhar & Raviraj [50] have also used the Mann-Kendal and Sen’s slope estimator in
rainfall trend analysis in the Amarawathi river basin in India. In a study of annual and seasonal
rainfall patterns in the Kandy district, Meegahakotuwa & Rekha Nianthi [51] used a linear regression
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model and Mann-Kendal test to find the trend over time. Wickramagamage [52] has used the linear
regression method on rainfall trends over 30 year period (1981-2010) of Sri Lanka. The author has
used the rainfall amounts of 48 stations to estimate the rainfall trend in Sri Lanka.

In this study, the Mann-Kendall and Sen’s slope estimator methods were utilized to discern the
monthly, annual, decadal, and seasonal trends of rainfall within the Deduru Oya basin. Initially, the
time-series data underwent decomposition into trend, seasonal, and irregular components, which
were closely examined to identify any discernible trends, seasons, or cycles. Prior to trend analysis,
seasonal effects were mitigated by removing them from the time series, resulting in a seasonality-
adjusted time series. In the trend analysis, autocorrelation was accounted for using the Hamed and
Rao method. The Autocorrelation Function (ACF) and Partial Autocorrelation Function (PACF) were
employed to assess the significance of Lag-1 autocorrelations. Additionally, the Augmented Dickey-
Fuller (ADF) test was conducted to determine the stationarity of the time series data. Subsequently,
the MK test and Sen’s slope estimator, accompanied by Pettitt’'s homogeneity test, were applied to
the time-series data. The responses of the individuals were subjected to descriptive analysis. The
primary limitations of the study include the absence of continuous rainfall data across most of the
rain gauge stations in the basin and the presence of missing rainfall data in some of the selected
stations.

3. Results of the Study

3.1. Trend of Monthly Rainfall

The monthly rainfall trend was computed separately for the six rain gauge stations and for the
entire basin. Rainfall data over the 60 year-period, from 1960 to 2019, were used for this analysis. The
Mann-Kendall (MK) test (tau and p-value) and the Sen’s Slope estimate (SS) were performed to find
the trend. Table 1 shows the MK and SS estimates for the six rain gauge stations and the entire Deduru
Oya basin.

Table 1. Mann-Kendall and Sen’s Slope statistics of average monthly rainfall.

MK Statistics
Station Sen’s Slope
tau p-value

Millawana -0.01 0.45 -0.01
Polontalawa -0.02 0.29 -0.01
Kurunegala -0.06 0.01 -0.02
Chilaw -0.09 0.00 -0.03
Wariyapola -0.09 0.00 -0.06
Mediyawa 0.00 091 0.01
Deduru Oya Entire Basin -0.06 0.01 -0.03

Table 1 illustrates that, overall, all stations, except Mediyawa, exhibit decreasing trends
(indicated by negative MK-tau values), whereas Mediyawa shows a slight increasing trend (positive
MK-tau). The MK-P-values for Kurunegala, Chilaw, and Wariyapola fall below the 0.05 confidence
interval, signifying significance. Conversely, the P-values for Millawana, Polonthalawa, and
Mediyawa surpass the 0.05 confidence level, indicating insignificance. Sen’s Slope estimates reveal
decreasing trends of rainfall by 0.062 mm/year in Wariyapola, 0.037 mm/year in Chilaw, 0.029
mm/year in Kurunegala, 0.013 mm/year in Polonthalawa, and 0.011 mm/year in Millawana.
Mediyawa exhibits the sole positive slope of 0.013 mm/year. Considering the entire Deduru Oya
basin, a decreasing trend of 0.03 mm/year is observed according to Sen’s Slope estimate.
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Figure 4 displays the average rainfall trend at the Millawana station, starting at 139 mm in 1960,
decreasing to 129 mm by 1983, then increasing to 131 mm by 2001, and subsequently decreasing again
to 124 mm by 2019. This represents an overall decline from 139 mm to 124 mm over the study period.
The MK p-value of 0.45 exceeds the critical value of 0.05, indicating that Millawana’s rainfall does not
exhibit a significant trend. The MK test’s tau value, reported as -0.0179, confirms a minor overall
decreasing trend throughout the study period.
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Figure 4. Monthly rainfall trend in six stations.
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The average rainfall trend in Polontalawa station was initially 117 mm in 1960 and it decreased
to 89 mm by 1981. It further decreased to 87 mm by 1992 and then increased to 91 mm by 2002. Finally,
it has further decreased to 88 mm in 2019. The overall decrease in rainfall was from 117 mm to 88 mm
over the period. MK p-value was recorded as 0.290 which is greater than the critical value of 0.05
confirming that Polontalawa rainfall within the study period does not show a significant trend. As
per the tau value of the MK test, it was reported as -0.025 confirming the overall decreasing trend
within the study period.

The average rainfall trend in Kurunegala station was initially 164 mm in 1960 and it decreased
to 155 mm by 1974. It further decreased to 147 mm by 1995 and again to 143 mm by 2000, finally
going down to 130 mm in 2019. The overall drop in rainfall was from 164 mm to 130 mm over the
period. This was confirmed by the statistical analysis of MK test P-value reporting as 0.012 which is
less than the critical value of 0.05 confirming a significant trend present in Kurunegala station within
the study period. As per the tau value of the MK test, it was reported as -0.06 confirming the overall
decreasing trend within the study period.

The average rainfall trend in Chilaw station was initially 117 mm in 1960, going down to 89 mm
by 1980. It further decreased to 85 mm by 1993 and ended up at 59 mm in 2019. The overall drop in
rainfall was from 117 mm to 59 mm over the period. This was confirmed by the statistical analysis of
the Mann-Kendall test. The P-value of the MK test was reported as 0.00 which is less than the critical
value of 0.05 confirming a significant trend in Chilaw rainfall within the study period. As per the tau
value of the MK test, it was reported as -0.093 confirming the overall decreasing trend within the
study period.

The average rainfall trend in Wariyapola station was initially 153 mm in 1960 going down to 109
mm by 1990. It further decreased and finally ended up with 101mm in 2019. The overall drop of the
rainfall from 153 mm to 101mm within 60 years. This was confirmed by the statistical analysis of the
Mann Kendall test; the P-value of the MK test was reported as 0.00 which is less than the critical value
of 0.05 confirming a significant trend present in Wariyapola rainfall within the study period. As per
the tau value of the MK test, it was reported as -0.098 confirming the overall decreasing trend within
the study period.

The average rainfall trend in Mediyawa station was initially 103 mm in 1960 and it decreased to
83 mm by 1982. It then increased to 93 mm by 2000 and further increased to 104 mm by 2019, resulting
in an overall, statistically insignificant increase in the rainfall from 103 mm to 104 mm within the 60-
year study period. MK p-value was reported as 0.912 which is greater than the critical value of 0.05
confirming that Mediyawa rainfall within the study period has not revealed any significant trend. As
per the tau value of the MK test, it was reported as 0.002, confirming the overall small increasing
trend within the period.

The Thiessen Polygon method was employed to calculate the average rainfall across the entirety
of the Deduru Oya basin. The rainfall trend in the basin showcased a noticeable shift over the years.
Beginning at 140 mm in 1960, it gradually decreased to 120 mm by 1985. Subsequently, it further
dwindled, reaching 108 mm in 2019, marking a cumulative drop of 32 mm over the span of 60 years.
Statistical analysis, specifically the Mann-Kendall (MK) test, verified this decline with a p-value of
0.01, indicating a significant downward trend within the study period compared to the critical value
of 0.05. The tau value of the MK test, recorded as -0.064, further supported the overall decreasing
trend. Sen’s Slope estimate revealed a reduction of 0.03 mm in rainfall annually across the Deduru
Oya basin. Notably, the rainfall pattern underwent a significant transformation around the 1980s, as
evident from both Figures 4 and 5, not just in the basin as a whole but also across the six individual
stations.
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Trend of Deduru Oya Basin Rainfall
MK Stat: tau = -0.064, p-value =0.011 | Sen’s Slop: -0.030
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Figure 5. Monthly rainfall trend in entire Deduru Oya basin.

Finally, the monthly rainfall variation of the six stations was analyzed separately and for the
entire Deduru Oya basin and the results are as follows.

In Chilaw, two prominent rainfall seasons were observed. The highest rainfall season was from
September to December where the peak is in October and November. The second highest rainfall
season was from March to June where the peak is in April and May. The month of August records
the lowest rainfall. In Polonthalawa, two prominent rainfall seasons were observed. The highest
season is from September to December where the peak is in October and November. The second
season is from March to June where the peak is in April. In Wariyapola, two prominent seasons were
identified. The highest season is from September to December and the peak is in November. The
other season is from March to May which peaks in April. The Mediyawa station has shown two
prominent seasons. The highest is from September to December which peaked in October. The other
season is from March to May which peaks in April. Kurunegala station has shown two prominent
rainfall seasons. The highest is from September to December where the peak is in October. The second
is from March to July where the peak is in April. In Millawana, three prominent seasons were
identified. The highest season is from September to December where the peak is in November. The
second season is from March to May where the peak is in April. The third season is from January to
February where the peak is in January.

The monthly rainfall variation of the entire Deduru Oya basin has been depicted in Figure 6.
Each month has different variations during the study period. The dark blue line of the graph
represents the monthly median rainfall over the study period. The dark blue colour area beside the
median line represents the area where the variation is from 25% to 75%. The light blue colour area
represents the variation between 10% - 90%. The ash colour areas represent the maximum and
minimum boundaries of monthly rainfall variation. The black dashed horizontal line represents the
basin median rainfall (110 mm) for the study period. As shown in the graph, two peaks of rainfall can
be identified, and the highest peak of the monthly rainfall is observed during October and November,
and the next peak can be observed in April and May. The lowest rainfall amounts have been shown
in August, July and February, respectively.
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mMonthly Rainfall Variation - Deduruoya Basin
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Figure 6. Monthly rainfall variation in Deduru Oya basin.

3.2. Trend of Annual Rainfall

The annual average rainfall in the Deduru Oya basin was found to be 1680 mm from 1960 to
2019. The maximum rainfall has been recorded as 2161 mm (1984) and the minimum rainfall has been
recorded as 1157 mm (1983) within the period. According to the Mann-Kendall test, an overall
decreasing trend in annual rainfall in the Deduru Oya basin can be observed. The MK-tao value is -
0.169 and the MK p-value is 0.05, which is less than the critical value, confirming a significant
decreasing trend of annual rainfall within the study period. As depicted in Figure 7, the annual
rainfall has been recorded as 1875 mm in 1960, decreasing to 1654 mm in 1980. The annual rainfall
further decreased to 1613 mm in 1988 and then slightly increased to 1644 in 2000, ending up with
1620 in 2019, confirming an overall drop of 255 mm rainfall within the study period.
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Annual Rainfall of Deduru Oya Basin
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Figure 7. Trend of annual rainfalls in the Deduru Oya basin.

3.3. Trend of Decadal Rainfall

The decadal rainfall in the Deduru Oya basin for the study period was analyzed to identify its
behavior in the six decades from 1960 to 2019.

According to the MK test, the decadal rainfall variation in the basin is presented in Figure 8. The
overall variation is computed as -0.169 according to the MK tau test and the p-value of the MK test is
computed as 0.05. The p-value confirms a significant decreasing trend of decadal rainfall. As a
confirmatory test, Sen’s Slope test was performed and it also indicates a negative value of -3.832,
which is evidence of a decrease in decadal rainfall for the study period. Considering the decadal MK
tau estimates separately, it has been reported as -0.244 in the 1960s, -0.333 in the 1970s, 0.066 in the
1980s, -0.022 in the 1990s, 0.289 in the 2000s and -0.200 in the 2010s. Accordingly, in the decades of
1980s and 2000s, positive trends can be observed while in the other four decades, negative trends
were reported.
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Decadal Rainfall Variation of Deduru Oya Basin
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Figure 8. Decadal variation of rainfall in Deduru Oya basin.

The Decadal Mean rainfall and the Coefficient of Variance (CV) are shown in Figure 9. Overall,
the decadal mean rainfall curve displays a fluctuation over the decades. A rapid decrease in rainfall
is evident from the 1960s to the 1970s and then to the 1980s. From the 1980s to 1990s an increase in
rainfall can be observed, but again from the 1990s to 2000s, a decline has occurred. Then, from the
2000s to 2010s an uplift can be observed. However, the highest decadal mean rainfall has been
observed in the 1960s (1812.89 mm), while the lowest decadal mean rainfall has been reported in the
1980s (1565.79 mm). In contrast, these results of the trend of decadal rainfall have confirmed the
results of the MK test in the above section.

Considering the CV of decadal rainfall, the minimum CV, 9% has been shown in the 1960s and
then in the 1990s (10%) (Figure 9). These two decades have shown the least volatility in decadal
rainfall. The maximum CV 20% has been shown in the 1980s and then in 2010s as the 18%. These two
decades have shown the most volatility in decadal rainfall.
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Figure 9. Decadal Mean rainfall and Coefficient of Variance of rainfall.
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As mentioned in this section, although there is an overall decreasing trend of the decadal rainfall
during the study period, there are differences in rainfall intensities that are shown by the decadal
mean and CV of the decadal rainfalls.

3.4. Trend of Seasonal Rainfall

According to the Department of Meteorology of Sri Lanka, there are four climatic seasons in Sri
Lanka [53,54]. These seasons are as follows:

i.  First Inter Monsoon (FIM) - March, April
ii. South West Monsoon (SWM) - May, June, July, August, September
iii. Second Inter Monsoon (SIM) - October, November
iv. North-East Monsoon (NEM) - December, January, February

The rainfall pattern in the Deduru Oya basin depends on these four climatic seasons. Cumulative
rainfall of the climatic seasons in Deduru Oya basin was analyzed for the study period and the results
are illustrated in Figure 10. As per the box plot, the highest rainfall can be observed during the SIM
season, which is 576 mm, followed by the seasons of SWM (475 mm), FIM (314 mm), and lastly the

NEM (304 mm).
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Figure 10. Seasonal rainfall in Deduru Oya basin.

Considering the trend of seasonal rainfall, several observations were made. Cumulative rainfall
during the FIM season has shown an increasing trend within the study period from 1960 to 2019
(Figure 11). Initial cumulative rainfall during the FIM season was 312 mm in 1960. It decreased to 285
mm in 1987, then increased to 320 mm in 2002 and ended up as 325 mm in 2019. As per the Mann
Kendal test, the p-value was reported as 0.70, which is greater than the critical value of 0.05,
confirming rainfall trend during the FIM season over the study period was not significant. As per
MK statistics, the tau value was 0.033 and Sen’s slope statistics is 0.316 confirming the increasing
trend of the cumulative rainfall during the FIM season.
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Rainfall Trend during FIM in Deduru Oya Basin
MK Stat: tau = 0.033, p-value = 0.701 | Sen’s Slop: 0.316
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Figure 11. Rainfall trend in FIM.

Cumulative rainfall during the SWM season over the study period has shown an overall
decreasing trend (Figure 12). The initial cumulative rainfall in the Deduru Oya basin during the SWM
season was 540 mm in 1960. It decreased to 497 mm in 1978, followed by a decline in 1983 which is
494 mm. It further declined to 434 mm in 1999 and increased to 458 mm in 2019. As per the MK test,
the p-value was reported as 0.05, which is equal to the critical value of 0.05, confirming rainfall’s
decreasing trend during the SWM seasons over the study period was significant. As per MK statistics,
the tau value was -0.168 and Sen’s slope statistics is -1.85 confirming a significant decreasing trend of
the cumulative rainfall during SWM season.
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Rainfall Trend during SWM in Deduru Oya Basin
MK Stat: tau = -0.168, p-value = 0.050 | Sen’s Slop: -1.852
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Figure 12. Rainfall trend SWM.

Cumulative seasonal rainfall during the SIM season over the study period has shown an overall
decreasing trend (Figure 13). The initial cumulative rainfall in the Deduru Oya basin during the SIM
season was 625 mm in 1960. It has decreased to 596 mm in 1979 and was followed by an increase in
1984 which was 598 mm. Then it dropped to 589 mm in 1987. Cumulative rainfall was 581 mm in
1993 and decreased to 579 mm in 1999. Cumulative rainfall ended up at 521 mm in 2019. As per the
MK test, the p-value was reported as 0.25, which is greater than the critical value of 0.05, confirming
that the rainfall trend during the SIM seasons over the study period was not significant. As per MK
statistics, the tau value was -0.101 and Sen’s slope statistics is -1.43, confirming a decreasing trend
during SIM season.
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Rainfall Trend during SIM in Deduru Oya Basin
MK Stat: tau = -0.101, p-value = 0.256 | Sen’s Slop: -1.435
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Figure 13. Rainfall trend SIM.

Cumulative seasonal rainfall of the NEM season over the study period (Figure 14) has shown an
overall decreasing trend. The initial cumulative rainfall of the season of Deduru Oya basin during
the NEM season was 403 mm in 1960. It decreased to 238 mm in 1986 and then started an increasing
trend. In 2001, cumulative rainfall was 289 mm and ended up at 309 mm in 2019. As per the MK test,
the p-value was reported as 0.37, which is greater than the critical value of 0.05, confirming that the
rainfall trend during the NEM seasons over the study period was not significant. As per MK statistics,
the tau value was -0.079 and Sen’s slope statistics is -1.04 confirming the decreasing trend of the
cumulative rainfall during the NEM season.
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Rainfall Trend during NEM in Deduru Oya Basin
MK Stat: tau =-0.079, p-value = 0.371 | Sen’s Slop: -1.046
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Figure 14. Rainfall trend in NEM.

In summary, SWM, SIM, and NEM seasons have shown a decreasing trend of rainfall, in which
SWM has shown a significant decreasing trend (MK p = 0.05) while SIM and NEM seasons have
shown an insignificant decreasing trend. However, FIM has shown an increasing trend, but it is not
significant (MK p = 0.70).

4. Discussion

4.1. Data Acquisition and Management

Data acquisition and management are crucial in disaster management [9,10]. However, the JICA?
[31] has mentioned that there is no proper database management system in the disaster risk
management sector in Sri Lanka that includes the necessary data on disaster losses. Disaster
Information Management System in Sri Lanka [48] which is the main disaster database maintained
by the Disaster Management Centre contains very limited data, especially on disaster losses. The
Disaster Information Management System in Sri Lanka includes mainly the number of disaster-
affected people and damaged houses by Divisional Secretary Divisions, but there is no data regarding
the total disaster losses including damages to crops, property, infrastructure, and industries, in
monetary values. Therefore, the data from the Disaster Information Management System in Sri Lanka
is difficult to use in advanced disaster studies. However, meteorological data including the rainfall
data are maintained by the Department of Meteorology in Sri Lanka [39], and the analysis of rainfall
data to identify the rainfall trend for a particular period is necessary in flood risk management.
Accordingly, through a detailed analysis of rainfall data in the Deduru Oya basin, the rainfall
variation was studied.

4.2. Rainfall Variation and Flood Risk

According to the analysis of monthly, annual, decadal, and seasonal rainfall variations in the
Deduru Oya basin, a decreasing trend is observed. However, the peaks in rainfall in a year within

2 JICA is the Japan International Cooperation Agency
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the study area have been reported in the months of April, May, October, November and December.
Although the rainfall pattern shows a decreasing trend, flood risk increases with the effects of
exposure, vulnerability, and climate change. Therefore, flood risk management strategies should be
strengthened in the area. In flood risk management, flood risk assessments should be done
periodically following standard methods, but there is no evidence to find flood risk assessments
conducted in the Deduru Oya basin. Although proper flood mitigation measures and preparedness
measures should be identified and implemented by the authorities with the participation of
stakeholders and the community to manage flood risk in the area, the current study has revealed that
affected communities are not satisfied with the involvement of authorities in flood risk management
activities in the area. Only a very few members of the community showed their satisfaction while
most of the people were not satisfied with the involvement of government sector agencies in flood
risk management. Further, based on the findings of a study, the JICA has also suggested drawing
attention to DRR efforts aiming to reduce economic losses, discretionary investment considering
overall balance, strengthening local DRR governance, basin-based DRR strategy, and monitoring
mechanism to mitigate flood risk effectively. Though integrated flood risk management has been
identified as a good tool to minimize flood risk, there is no such developed system in the study area.

4.3. Nexus and Integrated Flood Risk Management in the Deduru Oya basin

Flooding can be identified as the major natural disaster in the Deduru Oya basin, although there
are some other disasters like droughts, high winds, animal attacks, etc. [55-59]. The data on 23 flood
incidents in the study area (in selected 15 GNDs? from Chilaw, Arachchikattuwa, Pallama, and
Bingiriya DSDs*) were found from secondary data sources; the Disaster Information Management
System of Sri Lanka [55], data records from the District Disaster Management Coordinating Units
(DDMCU?%), [60,61] and Divisional Secretariats [62-65]. Wanninayake et al. [66] have identified
hazard, exposure, vulnerability and capacity as the main components of flood risk in the Deduru Oya
basin. The authors have mentioned that if hazard, exposure, or vulnerability increases, flood risk will
increase and if capacity increases the flood risk will be decreased. According to the flood risk
assessment in the study area, the selected Grama Niladari Divisions (15) have been ranked based on
the level of flood risk [59]. Accordingly, Wirakumandaluwa and Thimbilla GNDs come under the
very high-risk category where the hazard and vulnerability factors have shown relatively a high
contribution to the risk. In the same way, Deduruoya and Bangadeniya GNDs have come under the
high-risk category, while Elivitiya, Manuwangama West, Mukkandaluwa, Parappanmulla,
Wirapandiyana, and Mahawilattawa GNDs represent moderately risk category. Then, Pallama,
Gatulawa, Dematapitaya, and Molaeliya GNDs come under the low-risk category and Nariyagama
North GND indicated a very low-risk GND category in the study area (Figure 15). Another point is
here the conflict and contest between users upstream and downstream of the Daduru Oya. The
diverse demands, fluctuating water supply, and complex political and socioeconomic processes
surrounding water resources management could sever the social cohesion between the water users
per the politics of scale in river water management [66A]

In the Deduru Oya Basin of Sri Lanka, the Water-food-land-energy nexus poses a complex challenge
intertwined with Integrated Flood Risk Management (IFRM). Balancing water resources for
agriculture while managing flood risks requires a delicate equilibrium. The basin’s agricultural
reliance demands water for irrigation, often leading to land-use practices that increase flood
vulnerability [66b]. Effective IFRM must navigate this nexus by integrating strategies that promote

3 Grama Niladari Division (GND) is the smallest administrative unit operating at village level in Sri
Lanka.

4 Divisional Secretary Division (DSD) is the government administrative unit operating at local level
in Sri Lanka.

5 District Disaster Management Coordinating Unit (DDMCU) operates in district level as the sub-

national level unit of the Disaster Management Centre.
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sustainable agriculture, land-use planning, and flood mitigation. Collaboration among stakeholders
is essential to develop holistic approaches that enhance resilience and ensure the long-term viability
of water, food, and land resources in the Deduru Oya Basin.
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Figure 15. Flood risk map of selected GNDs in the Deduru Oya basin. (Source: Wanninayake, et al.,
2023).

The IPCC [67] has defined exposure as the presence of people, livelihoods, environmental
services and resources, infrastructure, or economic, social, and cultural assets in places that could be
adversely affected by any hazard. Considering the exposure as a main component of flood risk in the
study area, the authors have studied the population growth in the study area as a variable in flood
exposure. The population growth in the selected GNDs is presented in Table 2.

Table 2. Total population of selected GNDs.

GN Divisions 2001 2011 2020 Population Growth Rate (2001-2020)
Thimbilla 2359 2441 3416 55.63
Deduruoya 3025 3062 3219 10.21
Wirakumandaluwa 2328 2556 3113 41.32
Pallama 1670 1887 2977 68.79
Mukkandaluwa 1622 1839 2413 41.63
Getulawa 1570 1733 1947 19.84
Elivitiya 1301 1511 1788 25.63
Dematapitiya 1106 1133 1250 7.58
Bangadeniya 1174 1103 1238 3.37
Molaeliya 822 948 1080 13.58
Mahawilattawa 633 775 956 17.00

Parappanmulla 794 761 931 7.21


https://doi.org/10.20944/preprints202404.1906.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 April 2024 d0i:10.20944/preprints202404.1906.v1

21
Manuwangama West 735 759 924 9.95
Wirapandiyana 699 750 864 8.68
Nariyagama North 610 664 771 8.47
Total 20448 21922 26887

Source: Developed by the researcher on Department of Census and Statistics and Divisional Secretariats’
resource profiles, [68-73].

According to Table 2, the population of all the GNDs has increased with varying extents of
growth rates that confirm flood risk in the study area is increasing.

Disaster risk management (mitigation and preparedness) is globally considered to be more
important than post-disaster management (relief and response) [14,74]. JICA has conducted several
comprehensive studies on the disaster management system in Sri Lanka [31,75,76], and has indicated
[31] that the flood hazard is expected to increase in Sri Lanka in the future due to climate change. The
exposure to flooding areas will also increase with time. Moreover, JICA has highlighted some existing
issues in disaster risk reduction sectors in Sri Lanka which include the following. There is no unified
database on disaster records, disaster damages, and losses maintained by the authorities. Because the
early warning mechanism and evacuation mechanism are not clear, most of the people in vulnerable
areas can’t receive warning messages from technical agencies before the flood begins. Although
several projects have been identified by the Sri Lanka Comprehensive Disaster Management
Programme (SLCDMP) [77], most of them have no funds to be implemented. In those that find
implementation, proper monitoring and evaluation mechanisms do not exist. Even though it presents
the highest national body in decision-making in disaster management, the National Council for
Disaster Management has not properly functioned. There is a lack of a local administration line in the
disaster risk reduction (DRR) strategy, instead, local DRR planning and disaster response depend on
the national, district, and division administration line. Community awareness activities seem to be
performed in an ad-hoc manner. There is no mid-to-long-term implementation plan and evaluation
procedures for disasters. The absence of a proper database system, manuals and plans, and
weaknesses in prompt disaster relief and subsequent resettlement have led to difficulties in
responding to disasters. There is an urgent requirement to conduct a comprehensive assessment of
flood and drought risks using the latest natural and social data. The roles and responsibilities of
stakeholder agencies in flood management are not clearly described in the existing flood ordinance
[78]. Furthermore, the prevailing land development law is not conducive to stopping the unregulated
development of wetlands where flood risk is high. River basin level plans are required to promote
further investment. Existing land use plans are not considered in flood protection planning and also
the land use plans should be updated considering flood risk areas. A better flood warning system
should be established at the basin level following an enhanced hydrological monitoring system.
Based on such a warning system, local-level evacuation plans should be developed. In addition to
the above-mentioned gaps, JICA has made several recommendations to implement the Sendai
Framework of Actions in Sri Lanka. Some of those recommendations are: The existing Disaster
Information Management System in Sri Lanka (Disaster Database) should be re-established and the
disaster assessment mechanism should be developed to collect disaggregated data. Review and re-
develop the National Disaster Management Plan [79] and the Sri Lanka Comprehensive Disaster
Management Plan II in line with the Sendai Framework of Actions. The draft National Action Plan
should be revisited and make amendments in line with global targets. Legislative arrangements
should be made for the Community Resilience Framework [80] to be mandatory for all development
initiatives.

4.4. Community Participation in Disaster Management and River Basin Management

Active community participation in river basin water management is crucial for ensuring the
equitable and sustainable use of resources, yet it often faces challenges stemming from pre-existing
power dynamics and social divisions within communities. By understanding and addressing these
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complexities, development interventions can promote genuine community ownership and inclusive
decision-making processes, leading to more effective and resilient disaster and water management
initiatives [80A]. According to the responses of community members interviewed in the study area,
several issues in flood risk management were found. These issues are summarized below. There are
shortcomings in the existing mechanism to disseminate flood-early warnings to the last mile.
Training and awareness (T&A) programs to enhance the knowledge of both the community, as well
as the stakeholders on flood risk management, are at a marginal level due to a lack of allocation of
funds by authorities. NGOs operating in the study area are not capable of funding T&A programs.

Similarly, village-level disaster management committees are not properly operating in the study
area, while the village-level disaster management plans and flood hazard maps have also not been
prepared in almost all the GNDs up to date. This indicates a wide gap in the flood management
mechanism in the local context. The community and the stakeholders have proposed even some
alternatives to activate the village-level disaster management committees (VDMCs) in the area.
Further, the community has not rejected these preparedness measures and they have agreed to
operate these methods in the area for the benefit of the people. However, the divisional level disaster
management committee is operating and the divisional level disaster preparedness plan has also been
prepared, though there are several issues. The stakeholders have listed several needs of these flood
preparedness measures at the local level. These included the fact that, although land-use planning
and building codes are very important in flood risk management, they are not implemented in the
area. Most of the lands in the inundation area have been encroached on and used for residential
development and crop cultivation, both of which are vulnerable to floods. They have also pointed
out the unavailability of flood risk insurance, local emergency funds, mitigation loans, and
reconstruction loans in the area, though these have been identified as tools in disaster risk reduction
[81]. The model used to assess the earthquake disaster risk by Bollin et al. [81], has been used by
Wanninayake et al. [66] with some modifications to assess the flood risk in the Deduru Oya basin in
Sri Lanka. According to the flood risk asessment in the Deduru Oya basin, Wanninayake et al. [66]
have found that there is a big gap in applying flood risk management measures in the area. In the
current study, the authors have tested the satisfaction of the people with the involvement of
responsible government agencies in flood risk management activities at community-level (Figure 16).

As per Figure 16, over 17% of the respondents have mentioned that they are strongly dissatisfied
with the involvement of the government agencies in local-level flood risk management activities and
52% of the respondents are not satisfied. About 21% of the respondents have mentioned that they
don’t have an opinion on this matter. Only 10% of the respondents have indicated that they are
satisfied with the government sector institutions’ involvement in local level flood management
activities. Altogether, 69% of the respondents are not satisfied with the stakeholders’ contributions to
local-level flood risk management. This result confirms that the performance of stakeholders engaged
in local-level flood management is minimal. Accordingly, the results highlight the need for an
integrated flood risk management mechanism to maintain the local level of flood resilience.
Additionally, the authors have found that the people at the local level are interested in implementing
integrated flood risk reduction mechanisms in the area.
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Figure 16. Community satisfaction with government sector involvement in flood DRM. (Source:
Created by the researcher based on primary data).

5. Conclusion and Recommendations

The analysis of rainfall data from the Deduru Oya basin paints a concerning picture, revealing a
consistent decreasing trend in monthly rainfall as indicated by both the MK-test and SS-test (MK tao
=-0.06, MK p-value = 0.01). Over the period from 1960 to 2019, there has been an average decrease of
0.03 mm/year in rainfall, highlighting a notable shift in precipitation patterns over the decades.
Monthly rainfall variations illustrate two distinct peaks, with the highest levels recorded during
October and November, followed by another peak in April and May. Conversely, the lowest rainfall
amounts are consistently observed in August, July, and February. These seasonal fluctuations
underscore the complexity of the basin’s climate dynamics. Despite an annual average rainfall of 1680
mm and a monthly median rainfall of 110 mm, the decadal analysis reveals an overall declining trend,
with significant variability noted in the 1980s decade, where the coefficient of variation (CV) stands
at 20%. Although the variability decreases in subsequent decades (with CVs of 18% in the 2010s and
15% in the 2000s), the downward trend persists.

Further scrutiny of seasonal rainfall patterns confirms an overall declining trend, with
statistically significant decreases observed in the Southwest Monsoon (SWM), Second Inter Monsoon
(SIM), and North East Monsoon (NEM) seasons. Notably, only the SWM trend exhibits statistical
significance, indicating the need for targeted interventions to address the impacts of diminishing
rainfall during this critical period. In contrast, the First Inter Monsoon (FIM) season shows a slightly
increasing trend, although it lacks statistical significance. Nonetheless, this finding underscores the
importance of considering variations across different seasons when assessing flood risk and
implementing mitigation strategies. Moreover, the analysis highlights significant shortcomings in
data acquisition and management within Sri Lanka’s disaster management sector. Despite the
identification of flood as a major disaster threat in the Deduru Oya basin, the absence of a proper
integrated flood risk management (IFRM) mechanism poses significant challenges.

The analysis of rainfall data from the Deduru Oya basin reveals not only a concerning trend of
decreasing precipitation but also highlights the intricate relationship between water, food, land, and
energy systems within the region. By establishing a robust IFRM system in the Deduru Oya basin,
valuable lessons can be learned and replicated across other river basins in Sri Lanka. Ultimately, this
integrated approach enhances resilience and reduces the impacts of climate change-induced hazards
on water, food, land, and energy systems, ensuring sustainable development and prosperity for the
region. By integrating insights from this study into flood risk management strategies, policymakers,
practitioners, and the community can develop more informed and coordinated approaches that
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address the interconnected challenges within the Water-Food-Land-Energy Nexus. This holistic
approach not only enhances resilience to flooding but also promotes sustainable development and
prosperity in flood-prone regions like Sri Lanka.

In response to these findings, authorities must take proactive measures to establish an IFRM
mechanism tailored to the specific needs of the region. This includes the establishment and
maintenance of a comprehensive flood disaster database, periodic analysis of rainfall trends to
monitor climate change impacts, and regular assessments of flood risk. Furthermore, stakeholders
must be actively engaged in the identification and implementation of flood mitigation and
preparedness measures, with a focus on involving the local community. Promoting research studies
on flood risk and management through academic and research institutions is also essential to inform
evidence-based decision-making and policy development. To ensure the effectiveness of the IFRM
mechanism, clear mandates and responsibilities for stakeholders must be specified and enforced
through legislation and regulations. By establishing a robust IFRM system in the Deduru Oya basin,
valuable lessons can be learned and replicated to manage flood risk in other river basins across Sri
Lanka, ultimately enhancing resilience and reducing the impacts of climate change-induced hazards.
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